Surgical resection of the epileptogenic zone can be an effective treatment option for patients with medically refractory epilepsy. Seizure-free surgical outcome following epilepsy surgery in children has been reported between 61% and 90%. [1] [2] [3] [4] [5] [6] However, the success of epilepsy surgery hinges on correct localization of the epileptogenic zone. In some patients, noninvasive presurgical diagnostic evaluation may not be adequate to define the epileptogenic zone. In these patients, invasive monitoring may be needed to confirm the location of the epileptogenic zone, particularly in patients with nonlesional epilepsy, to clarify the extent of the epileptogenic zone, evaluate if a questionable lesion is epileptogenic, and delineate the eloquent cortex. Invasive monitoring is used more frequently for the localization of the epileptogenic zone in pediatric epilepsy surgery, as etiologies of epilepsy are more heterogenous, and neocortical epilepsy is more frequent in the pediatric population than in adults. [7] [8] [9] Invasive monitoring with subdural grid with or without strip and/or depth electrodes is commonly performed in our center. As part of the clinical pathology review following epilepsy surgery, we have noted that several patients have had evidence of acute/subacute microscopic infarct on histology following invasive monitoring. There was minimal literature on infarct following invasive monitoring for epilepsy surgery, 10 and it is unclear if the infarct was also visible on imaging, and the clinical significance of the infarct. The aims of this study were to assess the rates of microscopic infarct, macroscopic infarct, and other major complications of pediatric epilepsy surgery, and to determine if the risks of these complications were higher among patients who underwent invasive monitoring.
Methods
This study had the approval of the institutional research ethics board. Children who had epilepsy surgery
Key Points
• Microscopic infarct was identified in 30 patients (9%) following epilepsy surgery, and was significantly associated with invasive monitoring
• None of the patients with microscopic infarct had permanent neurologic deficit
• Macroscopic infarct was identified in 18 patients (5%) following surgery, but was not associated with invasive monitoring
• Two patients (11%) with macroscopic infarct had neurologic deficits
• Patients and families should be informed of the risk of infarct as part of presurgical counseling for epilepsy surgery from January 1, 2001, to December 31, 2014 , at the Hospital for Sick Children were identified from the neurosurgery database. Inclusion criteria included children aged 0-18 years who had undergone resective epilepsy surgery. Exclusion criteria were nonresective epilepsy surgery such as corpus callosotomy and vagus nerve stimulator insertion, and invasive monitoring without surgical resection and histology.
Clinical data collection
The demographics, age at seizure onset, duration of epilepsy, and seizure frequency before surgery were recorded. Surgery-related data collected included date of epilepsy surgery, operative type (focal resection, multilobar resection, or hemispherectomy), operative location (temporal, extratemporal, or both), invasive monitoring, and histology.
All the resected tissue was submitted in toto, and multiple blocks containing 0.5-cm-thick tissue was obtained and examined. All resected tissue was examined, and on each slide the entire specimen was evaluated. We assessed for all microscopic infarct on histology, irrespective of the size of infarct. Microscopic infarct contains eosinophilic neurons, macrophages, reactive vasculature, and axonal swelling, and may be hemorrhagic. The pia is intact in microscopic infarct (Fig. 1) , as opposed to contusion where the pia is disrupted. Microscopic infarct could involve the subpial cortex only, or both cortex and white matter. We assessed for macroscopic infarct on postoperative computed tomography (CT) or magnetic resonance imaging (MRI) done one day after surgery. The MRI sequences done postoperatively included volumetric T1, axial fluid-attenuated inversion recovery (FLAIR), coronal T2, and diffusion-weighted imaging. Major complications following surgery were evaluated from the patient charts. Major complications assessed included infection, hemorrhage requiring surgical evacuation, unexpected neurologic deficit, hydrocephalus, increased intracranial pressure requiring surgical intervention, vascular injury, and others.
In patients who have undergone invasive monitoring, data were collected on subdural grid, subdural strips, depth electrodes, duration of monitoring, and total number of implanted electrodes.
Seizure outcome was categorized using the International League Against Epilepsy (ILAE) classification: ILAE 1 is completely seizure free with no auras; ILAE 2 is auras only with no seizures; ILAE 3 is one to three seizure days per year AE auras; ILAE 4 is four seizure days per year to 50% reduction of baseline seizure days AE auras; ILAE 5 is <50% reduction to 100% increase of baseline seizure days AE auras; and ILAE 6 is >100% increase of baseline seizure days AE auras. Seizure outcome at 1 year after surgery was categorized as seizure free (ILAE 1) or persistent seizures (ILAE 2-6).
Statistical analyses
Descriptive statistics used to describe the sample included mean and standard deviation (SD) for continuous measures, and frequency and percentage for categorical variables. The univariable analyses assessing the association between age at surgery, sex, age at seizure onset, invasive monitoring, operative type and operative location with microscopic infarct, macroscopic infarct, and major complications were evaluated using a t-test for continuous variables and chi-square test for categorical variables. Multivariable logistic regression was performed to determine if invasive monitoring (independent variable) increased the odds of microscopic infarct (dependent variable), adjusting for age at surgery, sex, age at seizure onset, operative type, and operative location. Similarly, multivariable logistic regressions were done to determine if invasive monitoring increased the odds of macroscopic infarct and major complications, adjusting for the same covariates. In patients who had undergone invasive monitoring, we assessed if the duration of invasive monitoring, total number of electrodes, number of electrodes in subdural grid, number of strip electrodes, and number of depth electrodes were associated with microscopic infarct, macroscopic infarct, and major complications using the t-test. We also evaluated the associations between seizure-free outcome with microscopic infarct, macroscopic infarct, and major complications using chi-square test. All statistical analyses were performed using IBM SPSS Statistics version 20.0 (IBM Corp. Armonk, NY, U.S.A.).
Results
There were 352 children who had resective epilepsy surgery from 2001 to 2014. There was one death within 30 days of surgery. This patient underwent focal/lobar resection for the epileptogenic zone adjacent to porencephalic cyst without invasive monitoring, developed diffuse cerebral edema during surgery, and died a day later.
The baseline characteristics of the 351 patients are shown in Table 1 . The mean age AE SD at surgery was 10.4 AE 5.4 years, and 201 (57%) were male. The mean age at seizure onset was 4.9 AE 4.5 years, and 42% had seizure onset under the age of 2 years. The mean duration of epilepsy was 5.5 AE 4.6 years. One hundred forty-six patients (42%) had invasive monitoring prior to resective surgery. One hundred forty-one patients had subdural grid, and of these, 116 had both subdural grid and depth electrodes and 25 had subdural grid without depth electrodes. Five patients had depth electrodes and subdural strips but no subdural grid. There were no significant differences in age at surgery and sex between those who underwent invasive monitoring and those who did not (both p > 0.05). Those who underwent invasive monitoring had earlier age at seizure onset (4.3 AE 3.9 vs. 5.2 AE 4.9 years, p = 0.046) and longer duration of epilepsy (6.7 AE 4.4 vs. 4.7 AE 4.5 years, p < 0.001) than those who did not. Operative types (p < 0.001) and operative locations (p < 0.001) were different between patients who had invasive monitoring and those who did not. Patients who underwent invasive monitoring were more likely to have multilobar resections (42%) relative to those who did not (3%), and were also more likely to undergo either extratemporal or both extratemporal and temporal resections (87%) relative to those who did not undergo invasive monitoring (47%). Histopathology of the resected brain also varied among patients who underwent invasive monitoring relative to those who did not (p < 0.001). Patients who underwent invasive monitoring were more likely to have cortical malformations, gliosis, and tuberous sclerosis, whereas those patients who did not undergo invasive monitoring were more likely to have tumor, Rasmussen encephalitis, hippocampal sclerosis, and hemimegalencephaly. Three hundred thirty-six (95.7%) patients underwent CT and 15 patients (4.3%) underwent MRI one day postresection.
Univariable analyses
Thirty patients (9%) had microscopic infarct on histology of the surgical specimen. Univariable associations of microscopic infarct are shown in Table 2 . Patients who underwent invasive monitoring were more likely to have microscopic infarct than those who did not (20% vs. 0.5%, respectively, p < 0.001). Microscopic infarct was identified in 29 (21%) of 141 patients who had subdural grid and one (0.5%) of 210 patients who did not have subdural grid (p < 0.001), in Five patients who had subdural grid but no depth electrodes had microscopic infarcts. Age at surgery, sex, and age at seizure onset were not significantly associated with microscopic infarct (all p > 0.05). Multilobar resection (24%) was more likely associated with microscopic infarct than focal resection (6%) or hemispherectomy (0%) (p < 0.001). 10 (3) 1 (1) 9 (4) Hippocampal sclerosis (%)
20 (6) 3 (2) 17 (8) Hemi-megalencephaly (%)
12 (3) 1 (1) 11 (5) Tuberous sclerosis (%)
14 (4) 11 (8) 3 (1) Other (%) 50 (14) 15 (10) 35 (17) * indicates p < 0.05. Extratemporal (12%) and combined extratemporal and temporal resections (15%) were more likely associated with microscopic infarct than temporal (0%) resection (p < 0.001).
Eighteen patients (5%) had macroscopic infarct on CT or MRI done one day after resection (Fig. 2) : 11 on CT and seven on MRI. All seven cases of macroscopic infarct on MRI showed diffusion restriction. Ten patients had followup CT, varying from 2 days to 7 months after the initial postoperative imaging, and four patients had follow-up MRI varying from 23 days to 6 months after the initial postoperative imaging, which showed expected evolution of the infarct. All macroscopic infarcts were located in the same hemisphere as the surgical resection, and adjacent to the resection cavity. Univariate associations of macroscopic infarcts are shown in Table 2 . There was no significant difference in macroscopic infarct between those who underwent invasive monitoring relative to those who did not (8% vs. 3%, respectively, p = 0.085). Age at surgery, sex, age at seizure onset, operative type, and operative location were not significantly associated with macroscopic infarct (all p > 0.05).
Ten (33%) of 30 patients with microscopic infarct also had evidence of macroscopic infarct on imaging. One patient with microscopic infarct had transient right hemiparesis, which resolved. Two patients with both macroscopic and microscopic infarct had unexpected persistent neurologic deficits, one had mild facial droop, and the other had right hemiparesis.
Twenty-eight (8.0%) of 351 patients had one major complication, three patients (0.9%) had two major complications, and one patient (0.3%) had three complications. There were at total of 37 major complications: 15 (4%) infections with one patient requiring surgical debridement, 5 (1%) patients with hemorrhages requiring surgical evacuation, and 6 (2%) with unexpected neurologic deficits, with 5 being transient and one patient with hemiparesis. The other seven patients (2%) had other complications: one patient with subgaleal cerebrospinal fluid (CSF) collection required drain insertion, one had significant vascular injury involving the posterior aspect of superior sagittal sinus necessitating repair and abandonment of the planned surgical resection, two patients had venous sinus thrombosis, one patient had a sudden unexpected death in epilepsy (SUDEP)-like event in the perioperative period, and two patients had elevated intracranial pressure during the period of invasive monitoring that resulted in neurologic deficits and midline shift on CT, and warranted urgent decompressive craniectomy.
Univariable associations of major complications are shown in Table S1 . There was no significant difference in major complications between patients who had invasive monitoring and patients who did not (10% vs. 7%, respectively, p = 0.446). Patients who had major complications were significantly younger at surgery (7.4 AE 5.3 vs. 10.7 AE 5.3 years, p = 0.001). Sex, age at seizure onset, and operative type were not significantly associated with major complications (all p > 0.05). Extratemporal (12%) and combined temporal and extratemporal resections (11%) were more likely associated with major complications than temporal (2%) resection (p = 0.010).
Multivariable analyses
In the multivariable analysis, invasive monitoring increased the odds of microscopic infarct (odds ratio [OR] 15.87, 95% confidence interval [CI] 2.0-125.6, p = 0.009), after adjusting for age at surgery, sex, age at seizure onset, operative type, and operative location ( Table 3 ). The associations between operative type and operative location with microscopic infarct were not significant on the multivariable analysis (p > 0.05). Invasive monitoring did not increase the odds of macroscopic infarct (OR 2.6, 95% CI 0.7-9.9, p = 0.173) relative to those without invasive monitoring in the multivariable analysis. Similarly, invasive monitoring also did not increase the odds of major complications (OR 1.4, 95% CI 0.5-4.0, p = 0.500). However, older age at surgery decreased the odds of major complications (OR 0.9, CI 0.8-1.0, p = 0.039), after adjusting for sex, age at seizure onset, operative type, and operative location (Table S2) .
Associations between infarcts and major complications with invasive monitoring and seizure-free surgical outcome
The mean duration of invasive monitoring was 4.4 (SD 1.6) days, and the mean number of electrodes used for invasive monitoring was 103.7 (SD 19.7) electrodes. There were no significant associations between the duration of invasive monitoring, total number of electrodes in invasive monitoring, number of electrodes in subdural grid, number of depth electrodes, and number of strip electrodes with microscopic infarct or macroscopic infarct (all p > 0.05) ( Table 4) . Similarly, there were no significant associations between duration of invasive monitoring, the total number of electrodes in invasive monitoring, number of electrodes in subdural grid, number of depth electrodes, and number of strip electrodes with major complications (all p > 0.05) (Table S3) .
There were no significant associations between microscopic infarct (p = 0.286), macroscopic infarct (p = 0.211), or major complications (p = 0.286) with seizure-free surgical outcome.
Discussion
We have found that microscopic infarct identified on histology was almost twice as common as macroscopic infarct identified on imaging done one day after resection (9% vs. 5%, respectively). In both the univariable and multivariable analyses, patients who underwent invasive monitoring were significantly more likely to have microscopic infarct significant in the multivariable analysis. The two systematic reviews and/or meta-analyses of complications of epilepsy surgery did not report microscopic infarct as a complication of epilepsy surgery including invasive monitoring.
11,12
Fong et al. 10 identified microscopic infarct and contusion on histology in 49% of 226 patients with medically intractable epilepsy who underwent invasive monitoring. In this study, the occurrence of microscopic infarct was lower than that reported in the study by Fong et al. 10 It is unclear if the difference in the rate of microscopic infarct was related to differences in the age of the cohorts, as our cohort consisted of pediatric patients, whereas in the study by Fong et al., 10 a large proportion of patients were adults with a median age of 30 years. As well, we did not include contusion, which is distinct from infarct on histology. In contusion the pia is disrupted, the surface of the cortex is injured, and there is usually evidence of small bleed in the cortex. On the other hand, the pia is intact in infarct. The pathophysiology underlying microscopic infarct is unknown, but is postulated to be related to the electrodes used in invasive monitoring, which exert pressure on cortical vessels causing infarct, or a "reaction" to the electrodes. Although invasive monitoring increased the risk of microscopic infarct, it is not the only cause of microscopic infarct, as we also found microscopic infarct in one patient without invasive monitoring. In the study by Fong et al., 10 microscopic infarct was not detected in 55 patients who did not undergo invasive monitoring, possibly due to the smaller number of patients who did not undergo invasive monitoring.
The two systematic reviews and/or meta-analyses of complications of epilepsy surgery did not report macroscopic infarct as a complication of epilepsy surgery. 11, 12 However, Martens et al. 13 identified temporal infarct in 47.9% and frontal infarct in 10.4% of patients undergoing transsylvian approach selective amygdalohippocampectomy, and the temporal infarct was located adjacent to the resection cavity. The transsylvian approach requires the use of retraction devices to gain access to the amygdalohippocampal structures, and it is thought that the transsylvian approach resulted in compromise of the vascular structures in the sylvian region, and hence infarct. Those infarcts in the frontal and temporal lobes were not associated with neurologic deficits. We also found evidence of macroscopic infarct ipsilateral to the resection and adjacent to the surgical cavity on imaging done one day after resection. The underlying cause of microscopic and macroscopic infarct is not known. Possible etiologies include vascular injury from craniotomy, electrodes, or resection. Microscopic and macroscopic infarct may have different etiologies. The majority of patients with microscopic and macroscopic infarct did not have unexpected neurologic deficits. One patient with microscopic infarct had transient neurologic deficit, which could have been secondary to postsurgical edema rather than to microscopic infarct. Two patients with both macroscopic and microscopic infarct had unexpected neurologic deficits, likely secondary to the macroscopic infarct involving eloquent cortex and/or white matter tracts. Wellmer et al.
14 found that 2 of 260 patients had intracerebral bleeding or contusion visible only on CT/MRI with no clinical correlate. Although it is possible that some of the imaging findings in our study were related to contusion rather than infarct, the areas of presumed infarct visualized on imaging were larger and deeper than would be expected for contusion, demonstrated diffusion restriction on MRI, and some had a wedge shape.
There are varying reports on the associations between the number of electrodes and duration of monitoring with complications rates in patients who have undergone invasive monitoring. In a systematic review of the complications of invasive monitoring, Arya et al. 11 found that increased number of electrodes and longer duration of monitoring was significantly associated with increased frequency of overall adverse events. We did not identify an association between the number of electrodes and duration of monitoring in those who underwent invasive monitoring with microscopic infarct, macroscopic infarct, or major complications. In this study, the mean number of electrodes used was 104, which was higher than most studies, which used a mean of 52-95 electrodes, and the mean duration of monitoring was 4.5 days, which was lower than those reported in the literature, which ranged from a mean of 5 to 17 days. 11 The shorter duration of invasive monitoring in our study may have played a role in diminishing the association between duration of invasive monitoring and complication rates. Other studies have also reported no significant increase in the risk of complications with longer monitoring times and larger subdural grids. 15, 16 There were several limitations of this study. The rate of microscopic infarct may have been underestimated due to subtotal histologic sampling of the resected specimens. As well, nonresected brain that was subjected to invasive monitoring may also harbor microscopic infarct, but we were unable to evaluate the histology of nonresected brain. The significant association between microscopic infarct and invasive monitoring suggests that microscopic infarct was related to electrodes placed in invasive monitoring. However, we could not discern if the microscopic infarct occurred just below the electrodes or remote from the electrodes due to the retrospective nature of the study. Another limitation of the study is the small proportion of patients who had undergone an MRI one day after surgery. Some of the cases that were assumed to be macroscopic infarcts on CT could be due to alternative diagnoses such as contusion or focal postoperative edema. Fourteen patients had followed-up imaging showing expected evolution of the infarct, thereby excluding focal postoperative edema. Further study with early postoperative MRI and subsequent follow-up MRI may help validate our findings. The type of complications that was defined as major complications varied in the literature. Hader et al. 12 included hydrocephalus, intracranial infections requiring intervention for drainage and/or bone flap removal, as well as permanent neurologic deficits. The rate of major complications in this study including infection, hemorrhage requiring surgical evacuation, and unexpected neurological deficits was within the range reported in the literature. However, we have not included expected neurologic deficit as a complication, as these deficits were anticipated based on the location of surgical resection, and patients and families were counseled about these neurologic deficits prior to surgery.
We have found both microscopic infarct and macroscopic infarct following pediatric epilepsy surgery, with microscopic infarct occurring almost twice as frequently as macroscopic infarct. Microscopic infarct was more commonly seen following invasive monitoring but was not associated with permanent neurologic deficit. Macroscopic infarct was not associated with invasive monitoring. Although most patients with macroscopic infarct did not have neurologic sequelae, 2 patients (11%) had neurologic deficits. The findings from this study highlight the potential risk of infarct complicating epilepsy surgery. Patients and families should be informed of this risk as part of presurgical counseling. Invasive monitoring carries a risk of microscopic infarct; therefore, the benefits of invasive monitoring should be weighed against its risks during presurgical planning. Because MRI is more sensitive than CT at detecting infarcts, the use of early postoperative MRI may help with early identification of macroscopic infarct.
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